Abstract-This paper presents a simple control algorithm for a shunt active filter for compensation of harmonics and reactive power under nonsinusoidal supply voltage conditions. Under nonsinusoidal supply conditions, any attempt to achieve unity power factor results in a nonsinusoidal current, which increases the total harmonic distortion (THD). On the other hand, attempt at getting harmonic free current may not yield unity power factor because of the harmonics present in the voltage waveform. The proposed algorithm optimizes this trade-off using the Lagrange multiplier technique and achieves the best compromise. It does not employ the normally used p-q theory and is applicable to both single phase and three phase systems. With the proposed technique, it is possible to obtain an optimized power factor satisfying the specified THD limit. The algorithm has been tested under various supply and load conditions using MATLAB simulations and validated with an experimental prototype based on DSP TMS320LF2407A.
I. INTRODUCTION

I
N RECENT years, there has been an increased use of power electronic systems in industry as well as among residential consumers. Such loads draw nonsinusoidal currents from the source causing nonsinusoidal voltage drops across the transmission line and transformer impedances. This results in nonsinusoidal voltages in the system and the voltage, , at the point of common coupling (PCC) is no longer sinusoidal as shown in Fig. 1 .These distorted waveforms have significant adverse effects on utilities and the loads connected to it [1] . An effective elimination of these harmonics from the supply system is essential for the utilities and end users. Further, one must, as usual, compensate for the reactive power drawn from the source due to ever-present reactive loads.
Conventional elimination techniques using passive filters, although simple, are very complex under harmonic conditions. When the supply voltage waveforms are nonsinusoidal, the problems with passive filters are more pronounced due to the possibility of filter overloading and resonance [2] . Active filters, which can effectively inject compensating current or voltage into the system, have thus become a viable alternative due to their operational flexibility. One of the most popular active filters used for compensating reactive power and harmonics is the "shunt active filter" [3] shown in Fig. 2 . In this scheme, a current controlled voltage source inverter is connected in parallel with the load. This inverter injects appropriate current into the system to compensate for the undesired components of load current that are responsible for low power factor. The quality and performance of an active filter depends mainly on the technique used to compute the reference compensation current, design of the compensation inverter and the inverter control method used to inject the desired compensation current into the grid.
0885-8977/$20.00 © 2005 IEEE Studies have been performed for the analysis of harmonic active power flow in radial, low and medium voltage distribution systems [4] . It is observed that the harmonic flow in such systems depends on the interaction between the load and power system network parameters. Therefore, the point of connection of active filter should be properly selected so that the harmonic current injected by the filter flows to the nonlinear load and does not propagate to the other parts of the distribution system. Once the location is finalised, the performance of the active filter depends largely on the compensation technique. If the shunt filters are connected at a downstream end bus, it is possible to inject compensation current properly to a specific region of the system [5] , independent of the voltage level (LV and MV). This paper deals with a technique for the generation of reference (compensation) current in shunt active filters. It is the consumers who are responsible for the harmonic pollution and hence it is the duty of the consumer to compensate for it. Since the sources of harmonics are mainly toward the low voltage end, the validity of the proposed algorithm is tested in a low voltage system. However, the algorithm can be modified for its application to large systems, consisting of a large number of buses and loads, for better performance.
When shunt active filter compensation is applied under nonsinusoidal voltage conditions, the task is more challenging than a purely sinusoidal voltage case. This is because when the supply voltage is nonsinusoidal, perfect harmonic compensation (PHC) does not result in unity power factor (UPF) and vice versa. Hence, an optimization (compromise) between PF and THD is required. Real time implementation of such a technique would need a fast intelligent controller such as the digital signal processor (DSP).
A few techniques have been proposed earlier to determine the referencecurrentforthecompensatorundernonsinusoidalsupply voltage conditions. Cavallini et al. [6] have made a comparison of various compensation strategies for a shunt active filter and concluded that the strategy based on unity power factor control is appropriate when the supply voltage waveform is distorted. Marques [7] and Soares et al. [8] have reported simulation and analytical studies of shunt active filters under nonsinusoidal conditions. Some other authors [9] , [10] have also discussed active filters under nonsinusoidal conditions and their implementation using DSP. All these approaches are based on p-q or d-q theories and most of them do not consider the harmonics present in the supply voltage for control. Rafiei et al. [11] have reported simulation and analytical studies based on an optimal and flexible control strategy for active filtering considering both current and voltage harmonics. This work also employs p-q theory.
It is observed that the p-q strategy, as applied to an active filter, has the following drawbacks.
1) It is applicable only to 3-systems. It is not practical to use a compensating technique, based on this theory, for 1-systems. 2) Active filter based on p-q theory is unable to completely compensate for the current harmonics [11] . 3) It introduces additional harmonics [6] , [11] . This paper presents a simple, DSP based control algorithm for a shunt active filter applicable to sinusoidal and nonsinusoidal voltage conditions. The proposed algorithm is an improvement over an earlier work [11] where p-q theory was used to perform the necessary analysis for computing the desired source current and validated using MATLAB simulations. That method is depicted in Fig. 3(a) , which shows the two-step calculation process of from the sensed voltage supply information. The desired voltage template, , is obtained through a system of filters, whose gains are suitably optimized and tuned, and is multiplied by a constant (from p-q theory) to get . The technique used in the algorithm proposed in this paper is a one-step process as shown in Fig. 3(b) . Just by multiplying the RMS value of each harmonic component of the sensed supply voltage by the corresponding admittance factor , which is obtained by nonlinear optimization technique, it is possible to get the desired source current . Lagrange multiplier technique has been used for the optimization of reactive Volt-Ampere or power factor subject to specified equality and inequality constraints [12] . Lagrange function is formed with simple equations and an optimal value of the admittance factor is computed. The implementation has been done using DSP, making the control intelligent and flexible.
The advantages of the proposed technique are summarized as follows.
1) The algorithm does not use p-q theory.
2) Calculations required are less compared to other existing techniques as no a-b-c to --0 reference frame (or vice versa) transformation is required. 3) It is applicable to both single phase and three phase systems under sinusoidal or nonsinusoidal supply voltage or load conditions. 4) Filters are not required to filter the sensed voltage for computing the desired source current. Non-linear optimization technique solves for the admittance factor corresponding to each harmonic component, by which fast computation of the desired source current from the sensed voltage is achieved directly-in one step. The remainder of this paper is organized into the following sections. Section II presents the basic concepts of the algorithm used in the proposed scheme. Section III discusses the optimization technique. Results of the computer simulations are presented in Section IV and hardware implementation details using DSP TMS 320LF2407A are included in Section V. Finally, Section VI summarizes the major conclusions of this work.
II. ALGORITHM OF THE COMPENSATION TECHNIQUE
When the supply voltage is nonsinusoidal, the current drawn needs to be in phase and of the same shape as that of the voltage, for unity power factor [13] . But in this case, perfect harmonic compensation is not possible. To obtain perfect harmonic compensation, current drawn from the source should be a perfect sine wave. But this does not yield unity power factor. Thus, there is a trade off between achieving a unity power factor and the extent to which the current harmonics can be eliminated. Since both parameters are important, the best compromise (most optimum) must be found. By using an optimal strategy we can optimize the power factor subject to certain constraints.
Let there be a nonlinear load supplied by a nonsinusoidal supply voltage. It can be shown that voltage will contain a set of harmonic components, , that produce load current of identical frequencies and another set of components, , that do not result in the corresponding load current components. Further, let the load current also contain a set of current components, , having no corresponding frequency components in the supply voltage, due to its nonlinearity. The corresponding expressions for voltage and current may be written as [13] (1) (2) where is the arbitrary angle of supply voltage and is the phase angle of th harmonic component of current. Further, and the summation does not proceed with integer steps in any set of harmonic components. For unity power factor, currents drawn must be in phase with, and of the same shape as, the source voltage, i.e., and the harmonics in current and voltage should be of the same order and their ratios should be equal. However, in this case THD may not be within an acceptable limit. By adjusting the harmonic ratios, THD can be improved but the power factor may deteriorate. Thus, there is a need for optimization.
For achieving an optimum power factor, an expression for the desired source current is obtained from (2), by setting and by noting that it should have the same order of harmonics as that of supply voltage (3) where and is the control variable defined as the ratio of th order current and voltage harmonic components, identified as admittance of the th order compensated load. In other words, is the equivalent admittance of the system looking from the supply side toward the load side. This is equal to the equivalent admittance of load and the shunt active filter. The crux of the proposed algorithm is that by controlling , both the power factor and the THD can be controlled and optimized.
is calculated based on the RMS value of each harmonic component of supply voltage and desired current, which must be "balanced" and is "in phase" with the voltage after compensation.
is calculated in such a way that only the average power required by the load is equally distributed in each phase of the supply. Therefore, sequence components of do not come into the picture. Whereas, if the voltage is unbalanced, the control variable may have positive, negative, and zero sequence components. However, this paper assumes a balanced supply voltage and current. The most appropriate value of , is computed by using an optimization technique described in Section III. The reference compensating current is given by, , where is the load current.
III. OPTIMIZATION TECHNIQUE
Lagrangian-multiplier technique [14] is used to optimize the nonlinear equation for reactive Volt-Ampere subject to equality and inequality constraints. Power demanded by the load is taken as equality constraint and THD limit [15] as inequality constraint. This technique states that an augmented Lagrange function can be written as (4) where is the objective function, represents the equality constraint, and represents the inequality constraint. and are unknown quantities.
The necessary condition for constrained local minima of L is that its derivatives with respect to its variables should be zero. Since inequality constraint is also present, Kuhn-Tucker [14] conditions must be satisfied.
A. Objective Function
Let be the rms value of the voltage represented by (1) and be the rms value of the current represented by (3). For a given active power, the power factor can be improved by minimizing the total apparent input power, . Thus, the objective function is constructed as (5) where harmonics and have been combined and denoted by "n" for convenience.
Substituting , and defining the objective function by , we get (6) Optimization is applied to minimize with control variable , so that the power factor is maximum.
B. Equality Constraints
When the displacement angle between the voltage and current is zero, the mean value of the instantaneous real power is given by (7) The source current is calculated in such a way that, it should supply only the mean value of the instantaneous real power demandedbytheloadaftercompensation.Thecompensatingcircuit supplies remaining power demanded by the load. Therefore, the equality constraint (g), as a function of , can be written as (8)
C. Inequality Constraints
Let the THD of current be limited to . Then, the inequality constraint , as a function of is calculated as
D. Lagrange Function
The objective is to minimize given by (6) subject to the equality constraint, 0, as defined by (8) and the inequality constraint, 0, as defined by (11) . The augmented function is given by (12) where and are unknown quantities.
The necessary conditions for constrained local minima of L are (13) (14) where and is the order of harmonics considered (15) (16) By solving (13)- (16), is obtained for an optimum power factor within acceptable THD of current. 0 and 0 are the Kuhn-Tucker conditions to be satisfied at a relative minimum of the objective function.
The complete flow chart for computing the compensating current is shown in Fig. 4 . By performing discrete Fourier transform (DFT) on the supply voltage and load current, RMS value of each harmonic component of voltage and current, in each phase is calculated. Interharmonic components, can also be detected by considering sampled data for multiple fundamental cycles [16] . However,these are not considered in this paper. For compensating the reactive power, a "desired" source current is generated in such a way that the order of each harmonic component present in it is same and in phase with the corresponding component in supply voltage. The magnitude of this current depends on the average power demanded by the load and THD limit of current.
The average power consumed by the load is the product of RMS value of similar harmonic components of voltage, current and the cosine of the angle between them. The average power consumed by dissimilar components of voltage and current is zero. In the proposed technique, since the supply voltage given by (1) and the desired source current given by (3) are in phase and have similar harmonic components, the average power supplied by the source in each phase is the product of RMS value of similar harmonic components of supply voltage and current in the respective phases. The computation of is based on this explanation. Once is known, the expression for L is obtained in terms of the control variable , where is the order of harmonics that can be set to any value. The maximum value of depends on the highest order of harmonics present in the voltage. In this paper, maximum value of is taken to be 20. However, the program can be easily modified to determine the highest dominant value of harmonic component present in the voltage and can be set to that value for better control. However, a higher value of decreases the speed of implementation of the technique. The magnitude of each harmonic component of the desired source current is fixed by the value of which is obtained by solving (13)- (16), using the Newton Raphson technique. Thus, the shape of the desired source current for acceptable THD of current depends on the admittance factor . The original time domain signal of the desired source current is obtained by performing inverse DFT on frequency domain values. The reference compensating current is obtained by subtracting the desired source current from the load current. This reference current compensates for reactive power as well as harmonic power.
IV. SIMULATION RESULTS
To verify the theory presented in the preceding sections, simulation studies have been carried out on a simple power system using MATLAB-SIMULINK software. A balanced, 3-, 50-Hz, 415-V (rms) trapezoidal voltage power supply, having 21.8% voltage THD is considered. A 3-, 30-kW rectifier feeding a 10-resistance serves as the nonlinear load. The power factor at the source of this circuit without compensation is 0.95, while the current THD is 30.66%, which is way above the limit specified by IEEE-519 standard. The trapezoidal supply and the load are modeled using power system block-set reference feature of the software. The block diagram of MATLAB-SIMULINK implementation of the proposed scheme is shown in Fig. 5 . The waveforms of the nonsinusoidal supply voltage and current, for the example power system considered, are shown in Fig. 6 .
By using the proposed algorithm, a reference compensating current, satisfying the power demand and the THD limit of current as per IEEE-519 is computed using MATLAB program in an M-file reference. The reference compensating current, thus obtained, is compared with the actual output of the inverter for generating the gating pulses. The inverter is fired using hysteresis current control technique. The inverter, which serves as the compensator, is connected to the power system through an inductor in each phase. The waveforms of the desired source current and the source current obtained after compensation for a 5% current THD case are shown in Fig. 7 . It can be seen that the compensated source current closely tracks the computed desired source current. Waveform of the reference compensating current is shown in Fig. 8 . Fig. 9 shows the harmonic spectrum of the source current before and after compensation. Fig. 9(a) indicates the presence of one, five, seven, 11, 13, and 17 order of harmonics in the source current, while Fig. 9 (b) highlights how these harmonics are controlled (reduced) after compensation for 5% THD in the current. Table I shows the comparison of and power factor before and after the compensation. It may be seen that the of the source current has improved from 30.66% to 5%, while the power factor has improved from 0.95 to 0.99.
Variation of power factor with harmonic distortion is shown in Fig.10 .The resultconfirmsthatwith settozero,thepower factor is unity if the THD of the current is same as that of voltage and the power factor is low when the THD of the current is set nearly to zero. Computed source currents for optimized power factor for several values of are shown in Fig. 11 . It can be verified from these curves that perfect harmonic compensation leads to a poor power factor and high power factor causes distortion in current.
To demonstrate the flexibility of the proposed algorithm, simulations have been carried out for various supply and load conditions. For example, Fig. 12 shows the simulation results for a combination of lagging and harmonic load with a power factor of 0.789 and current THD of 9.44%. The result shows that the proposed technique optimizes the power factor to 0.989 from 0.789 and improves from 9.44% to 5%. It is seen that there is no restriction on the order of harmonics that can be taken into consideration for control.
To verify the efficiency of the algorithm for a sudden change of load, a load change from around 60 A(max) to 90 A(max) is considered. The behavior of load current, desired source current and the actual source current is shown in Fig. 13 for a sudden change of load. It can be observed, that the algorithm efficiently calculates and injects proper compensation current during the transient condition. It is evident that the actual source current follows the desired current which is obtained using the proposed algorithm for a current THD of 5%, immediately after the load change.
V. EXPERIMENTAL RESULTS
In order to validate the proposed control algorithm, a low power experimental prototype was designed and fabricated, as shown in Fig. 14 . In computer simulations, trapezoidal supply voltage waveform was considered. In actual, experimental implementation, however, a 3-, 15-V, 50-Hz clipped sinusoidal voltage source is used to approximate the trapezoidal waveform. Clipping is achieved with 12-V batteries inserted into the circuit. Further, a series resistance is connected with the supply to limit the charging current through the battery. This, coupled with nonlinear load and other nonidealities of the circuit, results in a more realistic nonsinusoidal supply voltage waveform, the kind we expect to appear at PCC. A six-pulse diode rectifier with a 440-F capacitor in parallel with a 10-resistor connected across it, forms the nonlinear load. A fixed point digital signal processor from Texas Instruments, TMS320LF2407A, has been used for implementing the proposed control scheme. Figs. 15 and 16, respectively. Using the proposed technique, DSP TMS320LF2407A computes the reference compensating current. The computed compensating current is available at the output of the 12-b DAC available on the DSP board. A voltage source, hysteresis current controlled inverter is used to inject the compensating current into the power system. The reference compensating current obtained at the output of the DAC is compared with the actual current output of the inverter sensed using an LEM sensor. Fig. 17 shows the waveforms of supply voltage, load current, computed desired source current and the computed reference compensating current for a 5% current THD case. The experimental waveforms are imported into MATLAB software for ease of plotting. The results are plotted for one supply voltage cycle on the MATLAB workspace, using digital values stored in the DSP memory during the experimental process. It clearly indicates that the reference source current is in phase with the supply voltage and is nearly sinusoidal since is set to a low value (5%).
For comparison purpose, the actual (analog) reference compensating current obtained at the DAC output of the DSP for the 5% THD case is shown in Fig. 18(a) along side Fig. 18(b) , which shows the compensating current obtained from simulations. The two waveforms show close resemblance. The deviations in the experimental result can be attributed to the disturbances in the power system and measurement accuracy.
To highlight the flexibility and effectiveness of the proposed algorithm for different values, experimental waveforms of the supply voltage and desired source current for 10% are shown in Fig. 19 .The experimental as well as simulation results (see Fig. 11 ) show that when the THD limit changes, the shape of the current changes, but the phase angle between the voltage and current remains the same. This means that irrespective of the nature of the load current, it is possible to obtain an optimized current which is in phase with the supply voltage (i.e., 0) and whose shape is determined by the value of .The order of harmonics, , considered for control can be set to any value. This demonstrates that the algorithm is quite flexible and is able to achieve optimal power factor under any desired THD limit in the source current.
VI. CONCLUSION
The recent spurt in the nonlinear loads has resulted in nonsinusoidal voltage waveforms in the power systems. Under such nonsinusoidal supply conditions, compensation for unity power factor does not result in perfect sine wave or compensation for current harmonics does not yield unity power factor. A new optimal control algorithm for shunt active filters has been proposed in this paper, which is suitable for both sinusoidal and nonsinusoidal conditions. It must be mentioned that power factor correction using this compensation technique does not involve the use of conventional power factor correction capacitors.
The speciality of the proposed algorithm is that by simply controlling the admittance factor, , an optimized power factor is achieved, satisfying a specified THD limit on the supply current. The optimization technique directly solves for , which when multiplied by the RMS value of the corresponding voltage harmonic component, yields the desired source current in a simple manner. The number of unknowns can be set to the highest dominant order of harmonics present in the voltage for better performance.
The technique does not need any filters for filtering the supply voltage and there is no restriction on the order of harmonics that can be considered for control. The number of unknowns to be determined by nonlinear optimization is less in this technique compared to the other existing methods. It does not use the p-q theory and thus -orthogonal coordinate transformation is not required reducing the complexity of the calculations. It is applicable, both, to single-phase and three-phase systems. Experiments conducted on a DSP TMS320LF2407A based laboratory prototype have shown good results.
Our emphasis in this paper has been to demonstrate the usefulness of the proposed optimization technique which renders the best possible compromise between the power factor and the harmonic distortion. In most existing techniques, involving nonsinusoidal voltage and current, any attempt to improve the current THD, deteriorates the power factor. In the proposed technique, however, both the voltage and the current are sensed and the current is shaped only to the extent that it meets the required THD standards, while exhibiting a good (optimum) power factor. Some authors [17] have categorised loads into current source type of harmonic sources and voltage source type of harmonic sources. We have used a shunt filter just to highlight the principle and usefulness of the proposed technique. Similar analysis is applicable to series or series-shunt type filters.
The applicability of the proposed technique on MV systems consisting of large number of buses and loads would require a more elaborate modeling of sequence network components to validate the optimization technique and to look at the effect of additional nonlinearities.
The transient response of the system under a sudden load variation shows satisfactory results. However, the transient response of the system will vary, under different types of loads.
